Restorations of 98 implant-supported single crowns in anterior maxillary area were divided into 5 groups: zirconia abutment, titanium abutment, and gold/gold hue abutment with zirconia coping, respectively, and titanium abutment with metal coping as well as gold/gold hue abutment with metal coping. A reflectance spectrophotometer was used to evaluate the color difference between the implant crowns and contralateral/neighboring teeth, as well as the color difference between the peri-implant soft tissue and the natural marginal mucosa. The mucosal discoloration score was used for subjective evaluation of the esthetic outcome of soft tissue around implant-supported single crowns in the anterior zone, and the crown color match score was used for subjective evaluation of the esthetic outcome of implant-supported restoration. ANOVA analysis was used to compare the differences among groups and Spearman correlation was used to test the relationships. A gold/gold hue abutment with zirconia coping was the best choice for an esthetic crown and the all-ceramic combination was the best for peri-implant soft tissue. Significant correlation was found between the spectrophotometric color difference of peri-implant soft tissue and mucosal discoloration score, while no significant correlation was found between the total spectrophotometric color difference of implant crown and crown color match score.
Introduction
In the maxillary anterior region, the aesthetic outcome is a critical determinant in the overall success of implant therapy [1] [2] [3] [4] [5] . Satisfied esthetic rehabilitation consists of not only natural-looking prosthodontic components but also periimplant soft tissue characterized by appropriate contour, volume, and color in harmony with the healthy surrounding structures. Thus, the color of both restorative components and peri-implant soft tissue/gingival should be taken into account as crucial esthetical factors [2, 6, 7] .
Crown color matching included a series of steps such as color determination, transferring, fabrication, and evaluation, of which the choice of restorative material in fabrication contributes greatly [8] . Translucency is another primary factor in controlling esthetics and it is critical in the selection of materials. Among the large variety of available material gold, titanium, alumina (Al 2 O 3 ), and zirconium (ZrO 2 ) are the most frequently used material in clinic. The all-ceramic preference is based on an inherent translucency associated with these materials, which allows dentists and lab technicians to fabricate restorations that are like natural teeth. Thus the all-ceramic abutments made of aluminum oxide or yttriumstabilized zirconium oxide have been produced to meet the need [9] . On the other hand, however, increased thicknesses of alumina and zirconium oxide would compromise the esthetic result due to an increased opacity and reduced translucency [10, 11] . Carossa et al. [12] reported there was no esthetic contraindication using the polished gold alloy posts and cores with all-ceramic crowns. Besides, previous researches focused on the position, inclination, and shape of the restoration regarding the esthetic outcome in implant dentistry, but researches concerned about the influence of restorative material on crown color and translucency were rare, especially by spectrophotometric evaluation.
Additionally, it was reported that the restorations can cause discoloration of the peri-implant soft tissue [11, 13] . The esthetic benefit of ceramic abutments over metal abutments on gingival discoloration has been well documented in clinical studies by Bressan et al. [14, 15] . However, only limited evidence is available concerning the influence of crown material/types on gingival discoloration.
Therefore, the purpose of this clinical trial on implantsupported restorations was to analyze, through spectrophotometric digital technology, the influence of the abutment and crown coping material on color of both implant crown and peri-implant soft tissue. Moreover, the correlation between the spectrophotometric color measurements and the subjective clinical evaluations of color match between the implant crowns and natural teeth and between the marginal periimplant mucosa and natural gingiva were analyzed.
The null hypothesis of this study was that restoration materials have no effect on the color difference between the implant crowns and natural teeth and between the marginal peri-implant mucosa and natural gingiva.
Materials and Methods

Spectrophotometric Setup.
In the present study, a reflectance spectrophotometer (SpectroShade6, Micro, serial number HDL3214, MHT S.p.A, Verona, Italy) was used, disposing of a D65 light source (6,500 K) that was transformed into monochromatic light ( = 400∼720 nm) using a grating. This light was split so that teeth could be illuminated simultaneously from two sides at a 45-degree angle using an intraoral camera. The reflected light was directed at 0 degrees on the system's detector area (18 mm * 14 mm 2 ) for a measuring process described previously [6, 16] . One detector is a color CCD chip that generates the color video image. Another black and white CCD detector records the spectrophotometric data. Polarization filters are used to eliminate surface gloss. The data is stored in a proprietary image file format which is used to create detailed CIE * * * data. after a full explanation of the experiment. The ISSCs were divided into 5 groups according to the abutment and coping material combinations: zz for zirconia abutment with zirconia coping, tz for titanium abutment with zirconia coping, gz for gold/gold hue abutment with zirconia coping, tm for titanium abutment with metal coping, and gm for gold/gold hue abutment with metal coping (Table 1) .
Spectrophotometric Assessment of Teeth.
The sterilizable adapter of the spectrophotometer's intraoral camera was positioned perpendicularly on the alveolar process over the target ISSCs/teeth. Once the crowns were centered orthoradially in the measuring square depicted on the LED screen, spectrophotometric data were recorded three times consecutively. The device also had a build-in aiming routine that enabled reproducible positioning perpendicular to the facial teeth surface to ensure equal measurement conditions for all teeth evaluated. Prior to every measuring cycle, the spectrophotometer should be calibrated using a white and green ceramic tile supplied by the manufacturer.
Color and Translucency Assessment of Implant Crowns and Teeth.
All images were transferred to the computer and the shade determination was executed using unique software from the manufacturer. Spectrophotometric evaluation of the color difference Δ between the implant crown and the adjacent/contralateral tooth was measured in 3 areas [5] : incisal third (Δ ), 3.0 × 1.5 mm; body third (Δ ), 3.0 × 1.5 mm; and cervical third (Δ ), 3.0 × 1.5 mm (Figure 1 ).
Determination of Δ was based on the following equations [16] :
* is chrome along the red-green axis, and * is chrome along the yellow-blue axis. Δ , Δ , and Δ were pooled together to calculate the total crown color difference between implant crown and adjacent/contralateral tooth (Δ ) for each pair. A critical threshold of Δ (3.7) for intraoral color distinction by the naked eye was considered [17, 18] .
Additionally, the difference between crown/tooth color on white and black background was calculated as the translucency parameter (TP), at incisal, body, and cervical part, respectively, with TP = {(
Color Assessment of Peri-Implant and Natural Tooth
Mucosa. Spectrophotometric measurements were also used to assess the color difference between the peri-implant soft tissue and the gingival margin of the neighboring/contralateral tooth. Two standardized circular measuring areas (1.5 mm marginally) were positioned over the same part of the soft tissue margin at the top of the gingival zenith at both the implant crown and adjacent/contralateral tooth ( Figure 1 ). The computer software of the spectrophotometer calculated the color difference in these areas and the final Δ was the average of the three comparisons for each pair.
Subjective, Clinical Evaluation of Color.
The subjective clinical color evaluation was based on Copenhagen Index Score (CIS) introduced by Dueled et al. 2009 [19] . The color match score of crowns of CIS was used: score 1 was excellent color and not easy to distinguish from the natural, neighboring teeth. Score 2 was satisfactory, almost optimal but the reconstruction differed from the natural, neighboring teeth. Score 3 was moderate, suboptimal color, and score 4 was poor color match. According to the clinical guidelines, crowns with score 3 or 4 were below standard for cementing.
In addition, the clinical evaluation of peri-implant mucosa color was based on the mucosal discoloration score of the CIS: score 1 was when no mucosal discoloration was visible. Score 2 was given for light grayish mucosal discoloration, score 3 was given for a distinct grayish mucosal discoloration, and score 4 was used when metal/abutment was visible.
Statistical Analysis.
Descriptive and One-Way ANOVA were used to compare the differences among groups. Univariate ANOVA was used to assess the impaction of different abutment and coping materials. Spearman correlation was used to test the relationships.
< 0.05 was considered statistically significant. For these statistical analyses, the SPSS 17.0 software was used.
Results
The descriptive analysis showed the color difference of the incisal part (2.9 ± 0.3) and body part (2.9 ± 0.4) of the crown with the gold abutment and zirconia coping combination (gz) were unperceptive (<3.7), while all the other measurements were beyond the threshold. Irrespective of the material, the crown color difference from the contralateral teeth increased from the incisal part to the cervical part, but the difference among the three parts did not reach a significant level. The average total crown color difference (mean Δ , 4.7±0.1) was close to that of the body part (mean Δ , 4.7 ± 0.2) ( Table 2 ).
The combination of gold abutment with zirconia coping (gz, 3.4 ± 0.3) induced significantly less crown color difference than the all-ceramic group (zz, 5.5 ± 0.2, = 0.001) and the titanium abutment with zirconia coping (tz, 4.6 ± 0.3, = 0.040), as well as gold abutment with metal coping (gm, 4.7 ± 0.3, = 0.022). The all-ceramic implant crowns (zz) demonstrated significantly more color difference than porcelain-fused-to-metal (PFM) restorations (tm + gm, = 0.007). Thus, the combination of gold/gold hue abutment with zirconia crown coping (gz) was tested to have a more acceptable crown color match than the other groups (Figure 2(a) ).
As for the peri-implant soft tissue/gingiva, all the color differences measured were beyond the threshold (>3. 7) , in which the all-ceramic (zz, 4.3 ± 0.2) combination was the smallest, and the titanium abutment with zirconia coping (tz, 8.8±0.9) was the biggest (Table 2 ). Both the abutment material ( = 0.001) and the abutment-coping interaction ( = 0.001) could affect the color appearance of the peri-implant mucosa ( Table 2 ). The mucosal discoloration was significantly smaller in all-ceramic (zz) combination compared with titanium abutment-zirconia crown coping (tz), while no significant difference was found between the zz and gz groups. In addition, significant difference was found between the allceramic group (zz) and the PFM restorations (tm + gm, = 0.019), demonstrating that all-ceramic (zz) restorations were the more acceptable choice for an esthetic peri-implant mucosa (Figure 2(b) ). Table 3 demonstrates the translucency parameter (TP) decreased from the incisal part to the cervical part at both the implant crown and natural teeth. There was no significant difference of TP among material groups at the incisal and the cervical part and the TP of implant crowns were significantly lower than that of natural teeth. As for the body part of the crown, the TP of all-ceramic group was the highest among material groups and the TP of all material groups were significantly lower than that of the natural teeth.
Regarding subjective clinical evaluation of crown color match score and gingival discoloration score, there was no significant difference between all-ceramic restorations and PFM restorations. Figure 3 demonstrates a significant correlation between the spectrophotometric gingival color difference (Δ ) and the mucosal discoloration score, with = 0.379 and = 0.001. However, no significant correlation was found between the spectrophotometric crown color difference (Δ ) and the crown color match score. Table 4 demonstrated a descriptive analysis of the shade parameters for natural teeth. These results demonstrated a characteristic increase of , , and from the incisal part to the cervical part of the central and lateral incisors. It could also be noticed that canines compared to central incisors had lower and higher and values.
Discussion
The present study showed the ideal material combination for implant crown color match was gold/gold hue abutment with zirconia crown coping, while the all-ceramic combination demonstrated a reversely big spectrophotometric color difference.
In our study, the zirconia coping material was tested to have no improvement on crown color match spectrophotometrically. It can be explained by the fact that the Y-TZP zirconia coping was semitranslucent, and the increased thicknesses of zirconium oxide to intensify the strength would compromise the total esthetic result. Vichi [8] reported that the white color of the zirconia and its low translucency still limit the possibility of imitating the natural appearance of a tooth and requires layering with feldspathic ceramic. Additionally, compared with zirconium abutment that gives a white color, the high-gold alloy abutment was reported to have a brighter and yellowish color shift in restoration [20, 21] , which may develop a more similar color to natural teeth dentin. These gave the explanation to why the all-ceramic restoration was not ideal as expected as for the aesthetic appearance of the restoration in our study.
Besides lightness, hue, and chrome, the optical characteristics of natural teeth include varying degrees of translucency and opacity, as well as opalescence, iridescence, and fluorescence, of which the translucency was considered important to restoration. It could be reflected by transmittance (T) directly or contrast ratio (CR) and translucency parameter (TP) indirectly. Soler et al. [22] reported that the TP at incisal part of the natural upper central incisors was 4.8-6.5 by Spectroshade; our study gave the similar value. Hasegawa et al. [23] demonstrated the value of TP was highest at the incisal site and decreased in the direction of the root. Our study came to the same conclusion. Another study [24] compared the TP at incisal, body, and cervical parts of three postcore materials with the same zirconia crown demonstrating that the body part of the all-ceramic crown showed a better translucency than the other materials. And our study drew the same conclusion. All-ceramic combination is better than other material combinations, but still not as matching to natural teeth as expected. That might be because the Y-TZP was initially considered as an opaque material and limited translucency was a major drawback of Y-TZP restorations [25] .
Our study also demonstrated that the all-ceramic combination induced the smallest spectrophotometric mucosal discoloration and the titanium abutment with zirconium coping combination induced the biggest discoloration. In a recently published study by Bressan et al. [14] , the sequence of tz > gz > zz regarding the gingival color discoloration was reported, which is in accordance with the results of our study. In addition, all-ceramic restorations revealed a significantly better color match to the unrestored neighboring teeth than PFM restorations on titanium or gold abutments in Jung et al. 's research [15] , as it was proved in the present study.
There was significant correlation between the mucosal discoloration score and the spectrophotometric color difference between the peri-implant mucosa and the natural gingiva, which demonstrated the validation of the subjective index score of mucosal discoloration score. However, no significant correlation was found between the crown color match score and the total spectrophotometric color difference in our study. Some investigators found a significant correlation between instrumental measurements and human color perception [26, 27] , while others reported no significant agreement [28, 29] . The reason may be that other factors such as implant crown volume, outline, translucency, and characterization also affect people's clinical perception during color evaluation [30] . On the other hand, in those studies, the implant crown color was assessed as a whole crown, but in our study, the crown was divided into three parts for color evaluation to adopt the three-part color determination method in clinic. Therefore, the spectrophotometric measurements were not in full accordance with the whole crown color match score. Another possible reason could be that most of Δ values, compared to the Δ values, were much closer to the threshold of 3.7, which made it even more difficult for naked eye to distinguish.
Several studies have been conducted to assure the correct using of the spectrophotometer used in the present study [3, 6, 15] . It was proved that this device can eliminate the subjective variations of shade selection by taking twodimensional image capture of the target tooth. However, the influence of random and systematic errors could not be neglected [31, 32] . Therefore, it was better to compare the target implant crown with the neighboring teeth on the same picture rather than comparing with the contralateral teeth in another picture. This would avoid the deviation between different picturing time and environment, even though the present device has a built-in antifog and positioning program [33] . Additionally, it was reported by Karamouzos et al. [34] that the teeth position (posterior teeth, mandibular incisors) and the mesial and distal areas of natural teeth would affect the long-term repeatability and reproducibility of spectrophotometric measurements, and it was advisable to take particular precautions during the measuring process on the curved surfaces of posterior teeth as well as the labial surfaces of lower anterior teeth. Chu et al. [5] pointed out that both instrumental and visual color matching methods should be used, as they complement each other and can lead towards predictable aesthetic outcome.
This study was a clinical retrospective study. It did not take the veneering ceramic material into consideration, although the outer porcelain was considered more translucent and allowed the zirconia core material color to show [35] . Another limitation was it did not take the coping thickness and veneering staining into account for crown color, neither did the mucosa thickness for gingival color evaluation. Thus, further studies are needed.
Conclusion
Within the limitation of study, a gold/gold hue abutment with zirconia crown coping was the best choice for an esthetic crown and the all-ceramic combination was the best for periimplant gingival.
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